1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Mol Life Sci. Author manuscript; available in PMC 2023 September 28.

Published in final edited form as:
Cell Mol Life Sci. ; 79(10): 531. doi:10.1007/s00018-022-04564-z.

-, HHS Public Access
«

Single cell analysis of PANoptosome cell death complexes
through an expansion microscopy method

Yagiu Wang,

Nagakannan Pandian,

Joo-Hui Han,

Balamurugan Sundaram,

SangJoon Lee,

Rajendra Karki,

Clifford S. Guy,

Thirumala-Devi Kanneganti”

Department of Immunology, St. Jude Children’s Research Hospital, Memphis, TN 38105, USA

Abstract

In response to infection or sterile insults, inflammatory programmed cell death is an essential
component of the innate immune response to remove infected or damaged cells. PANoptosis is a
unique innate immune cell death pathway regulated by multifaceted macromolecular complexes
called PANoptosomes, which integrate components from other cell death pathways. Growing
evidence shows that PANoptosis can be triggered in many physiological conditions, including
viral and bacterial infections, cytokine storms, and cancers. However, PANoptosomes at the
single cell level have not yet been fully characterized. Initial investigations have suggested

that key pyroptotic, apoptotic, and necroptotic molecules including the inflammasome adaptor
protein ASC, apoptotic caspase-8 (CASP8), and necroptotic RIPK3 are conserved components

of PANoptosomes. Here, we optimized an immunofluorescence procedure to probe the highly
dynamic multiprotein PANoptosome complexes across various innate immune cell death-inducing
conditions. We first identified and validated antibodies to stain endogenous mouse ASC, CASP8,
and RIPK3, without residual staining in the respective knockout cells. We then assessed the
formation of PANoptosomes across innate immune cell death-inducing conditions by monitoring
the colocalization of ASC with CASP8 and/or RIPK3. Finally, we established an expansion
microscopy procedure using these validated antibodies to image the organization of ASC, CASP8,
and RIPK3 within the PANoptosome. This optimized protocol, which can be easily adapted

to study other multiprotein complexes and other cell death triggers, provides confirmation of
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PANoptosome assembly in individual cells and forms the foundation for a deeper molecular
understanding of the PANoptosome complex and PANoptosis to facilitate therapeutic targeting.
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1. INTRODUCTION

The innate immune system is the host’s first line of defense against cellular insults.
Pathogen- and damage-associated molecular patterns (PAMPs and DAMPs, respectively)
are sensed by innate immune sensors to activate downstream signaling pathways, including
the induction of innate immune cell death. While innate immune cell death is important for
host defense, aberrant activation can result in inflammation and pathology. Therefore, it is
important to understand the molecular mechanisms of innate immune cell death to identify
strategies to mitigate disease.

Several innate immune cell death pathways have been described to date; one such pathway
is PANoptosis. PANoptosis is a unique innate immune cell death pathway regulated by
multifaceted PANoptosome complexes, which integrate components from other cell death
pathways such as pyroptosis, apoptosis, and/or necroptosis (1-16). The totality of biological
effects observed in PANoptosis cannot be individually accounted for by these other cell
death pathways alone. To date, two prototypical PANoptosomes have been biochemically
identified: the Z-DNA binding protein 1 (ZBP1)-PANoptosome, which forms in response to
influenza A virus (1AV) infection, and the absent in melanoma 2 (AIM2)-PANoptosome,
which forms in response to herpes simplex virus 1 (HSV-1) or Francisella novicida
infections (2, 6, 12, 14, 17). Additionally, key upstream regulators IRF1, TAK1, and RIPK1
have also been characterized for their role in PANoptosis initiation under various conditions
(3,7, 10, 11, 13). While the upstream sensor is different between PANoptosomes, many of
the core proteins are shared, including molecules canonically associated with the pyroptosis,
apoptosis, and necroptosis.

Pyroptosis is a lytic innate immune cell death pathway molecularly characterized by
caspase-1 (CASP1) activation (18). This pathway is associated with the formation of

a multiprotein complex called the inflammasome, which is comprised of a sensor, the
adaptor protein ASC, and an inflammatory caspase (19). Inflammasomes can act as integral
components of PANoptosomes, and ASC has been identified as a shared molecular feature
(6, 12, 14, 17). Alternatively, apoptosis causes morphological membrane blebbing and cell
shrinkage (20) and is molecularly controlled by either the formation of an apoptosome
containing an adaptor APAF-1 and CASP9 or by the formation of a death-inducing signaling
complex (DISC) containing a death receptor and CASP8; both activate the executioner
caspases, CASP3 and CASP7 (21-28). Necroptosis is another lytic innate immune cell
death pathway initiated by the formation of a necrosome which contains RIPK1 and RIPK3.
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Necroptosis is executed by RIPK3-mediated activation of pore-forming MLKL downstream
of CASP8 inhibition (29-35).

To study cell death complexes and their regulation, microscopy can be an informative

tool to assess complex formation and dynamics. Fluorescence microscopy has visualized
inflammasomes (36) and necrosomes (37) as well as the colocalization of CASP8 and

ASC in single cells (14, 38-40). Biochemical characterizations of ZBP1- and AIM2-
PANoptosomes suggest that they both contain ASC as well as CASP8 and RIPK3 (12, 14).
However, much remains unknown about the dynamics of PANoptosome assembly, and there
is currently no established protocol to investigate the formation of PANoptosome complexes
in single cells.

Here, we present an immunofluorescence protocol to assess the dynamics of PANoptosome
formation at the single cell level. Given the central roles of ASC, CASP8, and RIPK3

in the biochemical analysis of PANoptosis, we focused on these key molecular pillars of
innate immune cell death; their colocalization in a single cell would be indicative of the
formation of a PANoptosome. We first screened and validated antibodies and developed a
method to stain and visualize the highly dynamic protein complexes induced by 1AV (41),
HSV-1 (14), the nuclear export inhibitor KPT-330 and interferon-p (IFN-B) (15), and the
canonical NLRP3 inflammasome trigger LPS + ATP. Finally, we developed a protocol for
expansion microscopy to visualize the molecular organization of PANoptosomes. Overall,
these protocols allow for a streamlined process to visualize multiprotein complexes, such as
PANoptosomes and inflammasomes, at the single cell level.

2. MATERIALS AND METHODS

2.1 Mice

Wildtype (WT) C57/BI6, Casp8'~Ripk3'~ (42), Ripk37= (43), Pycard™~ (44), Zbp1- (45),
Aim27- (46), and Nirp3~ (47) mice have been described previously. All mice were bred at
the Animal Resources Center at St. Jude Children’s Research Hospital and maintained under
specific pathogen-free conditions and extensively backcrossed to the C57/BI6 background.
Age- and sex-matched 6- to 9-week-old male and female mice were used in this study. Mice
were maintained with a 12 h light/dark cycle and were fed standard chow. Studies were
conducted under protocols approved by the St. Jude Children’s Research Hospital committee
on the Use and Care of Animals.

2.2 Antibodies

Rabbit anti-mASC (AL177, Adipogen), mouse anti-mASC (2EI-7, Millipore), mouse anti-
mRIPK3 (B-2, Santacruz), rat anti-mRIPK3 (8G7, Millipore), rat anti-mCASP8 (3B10,
Adipogen), rabbit anti-mCASP8 (#4927, CST), goat anti-mouse IgG AlexaPlus-488
(A32723, ThermoFisher), goat anti-rat 1gG AlexaPlus-555 (A48263, ThermoFisher),

and goat anti-rabbit 1gG AlexaPlus-647 (A32733, ThermoFisher) antibodies were used.
Antibodies were all used at 1:200 dilution in blocking buffer (10% goat serum in PBS-T).
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2.3 Bone marrow-derived macrophage (BMDM) culture and stimulations

Primary BMDMs were grown for 6 days in IMDM (12440-53, Gibco) supplemented with
1% non-essential amino acids (11140-050, Gibco), 10% FBS, 30% L929 conditioned
media, and 1% penicillin and streptomycin (15070-63, Gibco). Cells were seeded in 24-well
plates containing Poly-L-Lysine coated coverslips (72292-04, Electron Microscopy Science)
at a density of 0.5 x 10° cells/well on day 6 and incubated at 37°C, 5% CO, overnight.
Stimulations were performed on day 7.

2.4 In vitro infection

The influenza A virus (A/Puerto Rico/8/34, HIN1 [PR8]) was generated by reverse genetics
as previously described (48). The seed virus (P2) was propagated by inoculating into the
allantoic cavity of 9- to 11-day old embryonated chicken eggs for two days. The allantoic
fluid was collected and filtered through a 0.22 um filter then aliquoted and placed in -80°C
as AV stocks. Viral titer was measured by a plaque assay in MDCK cells. For infecting
BMDMs, 1AV stock was diluted with DMEM medium (Sigma, D6171) to MOI = 20, and
virus was added onto cells after washing with PBS. After 2 h adsorption, 10% FBS was
added into the medium for 10 h before fixing cells.

Human herpes simplex virus 1 (HSV-1) infection was performed similarly to the 1AV
infection with MOI = 10 for 12 h. Generation of stock HSV-1 (HF strain, ATCC VR-260)
was made by infecting Vero cells with MOI = 0.1 for 2 days. Culture supernatant with
floating dead cells was collected and underwent two cycles of freeze-thawing before being
centrifuged at 3000 x g for 10 min. The supernatant was filtered with a 0.22 pm filter and
aliquoted as viral stock in —80°C; the viral titer was measured with a plaque assay in Vero
cells.

For stimulation with IFN-p and KPT-330 in combination, cells were washed one time with

PBS and stimulated with 50 ng/mL of IFN-p (12400-1, PBL Assay) and 5 mM of KPT-330
(S7252, Selleckchem) together in DMEM medium (11995-065, Gibco) supplemented with
10% FBS and 1% penicillin and streptomycin (15070-63, Gibco) for 24 h.

For canonical inflammasome activation, BMDMs were primed for 4 h with 100 ng/mL
ultrapure LPS from Escherichia coli (0111:B4) (tIrl-3pelps, Invivogen) then stimulated for
10 or 30 min (western blotting) or 10 min (microscopy) with 5 mM ATP (10127531001,
Roche), unless otherwise indicated. Real-time cell death assays were performed with

the IncuCyte S3. After BMDMs were stimulated, 100 nM Sytox Green (Thermo Fisher
Scientific) was added. Images were acquired hourly, while at 37°C and 5 % CO», and image
analysis occurred through the use of the software package supplied with the IncuCyte, which
counts the number of Sytox Green-positive BMDM nuclei in each frame (49).

After stimulation, cells were fixed by either 4% PFA (15710, Electron Microscopy Sciences;
diluted with PBS) at room temperature or 100% methanol (230-4, Honeywell) at —20°C for
10 min. After fixing, cells were washed with PBS three times, then stored in PBS at 4°C for
future staining.
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Immunofluorescence staining and expansion microscopy

Prior to staining, PFA-fixed cells were permeabilized by 0.5% Triton-X100 in PBS at room
temperature for 10 min and washed three times with PBS. Cells were blocked by 10%
normal goat serum (#5425, CST) at room temperature for 1 h and stained by primary
antibodies overnight at 4°C. Cells were then washed by PBS-T (PBS with 0.05% Tween-20)
three times for 10 min each and stained by secondary antibodies for 2 h at room temperature
in the dark. After staining, cells were washed by PBS-T three times for 10 min and kept in
PBS. For observation by conventional microscopy, the cells were stained with 1 pg/mL
DAPI (4’,6-Diamidino-2-Phenylindole, 40043, Biotium) for 5 min and mounted using
mounting medium (P36961, ProLong™ Diamond Antifade Mountant, Invitrogen) on glass
slides, then imaged using the Marianas spinning disc confocal system (Intelligent Imaging
Innovations) comprised of an inverted AxioObserver Z.1 microscope (Carl Zeiss), CSU-W1
with SoRa (Yokogawa), Prime95B sCMOS camera (Photometrics), 405 nm, 473 nm, 561
nm, 647 nm solid state laser lines (Coherent), and a 1.4NA 100 x oil objective. Images were
acquired using Slidebook software with the laser power set as current and the exposure time
at 100 ms for each channel. To ensure consistency, the same microscopy parameters were
used in all independent experiments. The quantification was done with images obtained with
a 60 x objective and counted manually.

For expansion microscopy, the coverslips with stained cells were processed according to
published protocols (50). Briefly, the coverslips with stained cells were further incubated
with 0.1 mg/mL AcX (A20770, ThermoFisher) in PBS overnight at room temperature

and then washed twice with PBS. Cold gelation solution (86 mg/mL sodium acrylate
[S03880, Pfaltz & Bauer], 25 mg/mL acrylamide [A9099-25G, Sigma], 1.5 mg/mL N,N’-
Methylenebis-acrylamide [146072-100G, Sigma], 2 M NaCl [BP358-10, Fisher Scientific],
100 pg/mL TEMED [T7024, Sigma] and 100 pg/mL APS [BP179-100, Fisher Scientific] in
PBS) was added into the ice-cold plate wells containing the coverslips. The coverslips were
lifted, inverted, and placed on two coverslip spacers. Forty microliters of gelation solution
was added into the space under the cell coverslips to allow gelation in a humid chamber at
37°C for 1 h. The coverslip containing cells together with gel above was then placed into 10
mL digestion buffer (0.5% Triton X-100, 1 mM EDTA [15575020, Thermo Fisher], 50 mM
Tris-HCI [BP152-5, Fisher Scientific, stock 1 M pH 8.0], 1 M NaCl, and 8 U/mL proteinase
K [P8107S, NEB]) with orbital shaking at 60 rpm overnight at room temperature. The

gel was expanded by three changes of water with 20 min incubation intervals with orbital
shaking at 60 rpm before imaging with an inverted A1R HD25 point scanning confocal
(Nikon) equipped with 488 nm and 561 nm laser lines and a 1.3 NA 40 x oil objective.
Images were acquired using NIS Elements software with speed setting as 2 x, and Nyquist
sampling was automatically performed using the software to adjust scan area and pinhole
opening. The images were processed in the same software with consistent parameter settings
across the WT and knockout controls.

Immunoblot analysis

For probing caspase activation, cells along with culture supernatants were lysed in caspase
lysis buffer (25 mM DTT, 10% NP-40, 1 x protease inhibitors, and 1 x phosphatase
inhibitors) and 4 x Laemmli loading buffer (containing SDS and 2-mercaptoethanol). For
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assessment of signaling activation, supernatants were removed, and the cells were washed
once with Dulbecco’s PBS (DPBS) followed by lysis in RIPA buffer and Laemmli loading
buffer. Proteins were separated by gel electrophoresis through 8-12% polyacrylamide

gels and transferred onto PVDF membranes (IPVH00010, Millipore). Membranes were
incubated with 5% skim milk for 1 h at room temperature to block non-specific

binding. Then, membranes were incubated at 4°C overnight with the following primary
antibodies: caspase-1 (AG-20B-0044-C100, AdipoGen), anti—caspase-8 (CST, #4927), anti-
cleaved caspase-8 (CST, #8592), caspase-3 (9662, CST), cleaved caspase-3 (9661, CST),
caspase-7 (9492, CST), cleaved caspase-7 (9491, CST), pMLKL (37333, CST), tMLKL
(AP14242B, Abgent), GSDMD (ab209845, abcam), GSDME (ab19859, abcam), and f3-
actin (Proteintech, 66009-1-1G). The next day, the membranes were incubated with the
appropriate horseradish peroxidase (HRP)—conjugated anti-mouse (315-035-047, Jackson
ImmunoResearch Laboratories) or anti-rabbit (111-035-047, Jackson ImmunoResearch
Laboratories) secondary antibodies. Images were acquired using Immobilon® Forte Western
HRP Substrate (WBLUF0500, Millipore) on an Amersham Imager.

3. RESULTS

3.1 Staining optimization

PANoptosis has been broadly implicated across the disease spectrum, including in infection,
inflammatory diseases, and cancer (2, 3, 5, 7, 8, 11-16, 51-57). While ZBP1- and AIM2-
PANoptosomes, along with upstream regulatory molecules such as IRF1, TAK1, and RIPK1,
have been characterized as key regulators of PANoptosis under specific conditions (3, 7, 10—
14), much remains unknown about the dynamics of PANoptosome assembly. Furthermore,
there is a critical need to implement strategies to study dynamic multiprotein complexes like
PANoptosomes at the single cell level to understand cell death activation and regulation.

To address this gap, we sought to develop an immunofluorescence assay to analyze
PANoptosome assembly in single cells. We chose to target conserved PANoptosome proteins
that have been identified across triggers (6, 10-12, 14, 15), namely ASC, CASP8, and
RIPK3. In addition to being conserved across PANoptosis triggers, this unique combination
of proteins allows differentiation between PANoptosomes and other cell death complexes
such as necrosomes, where ASC is not expected to colocalize, and apoptosomes, where ASC
and RIPK3 are not expected to colocalize.

We first tested commercially available antibodies to stain mouse ASC, CASP8, and RIPK3
in bone marrow-derived macrophages (BMDMs) fixed with paraformaldehyde (PFA) or
methanol (MeOH), two of the most popular fixation methods for immunofluorescence. We
also selected antibodies from a variety of host species with an aim to identify a combination
of three different hosts to develop a primary antibody panel that could be appropriately
stained with unique secondary antibodies. Rabbit polyclonal ASC antibody (Adipogen,
AL177) and mouse monoclonal ASC antibody (Millipore, 2EI-7) both stained WT cells but
not Pycard (the gene encoding ASC)-deficient cells after PFA fixation (Fig. 1A). MeOH
fixation resulted in staining of WT cells as well. However, this procedure also resulted

in the spontaneous formation of speck-like structures and nuclear staining (Fig. 1A); this
spontaneous speck formation is not expected in unstimulated cells. In addition, while a
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rat antibody to mouse RIPK3 (Millipore, 8G7) showed specific staining irrespective of the
fixation method (Fig. 1B), a mouse clone against RIPK3 (Santa Cruz, B-2) stained RIPK3
specifically only in MeOH-fixed cells; this antibody produced non-specific staining in
Ripk3- cells following PFA fixation. For CASPS8 staining, two different antibodies against
mouse CASP8 (CST, 4927; Adipogen, 3B10) resulted in specific staining in WT cells
following either PFA or MeOH fixation. Since deleting caspase-8 causes embryonic lethality
(42), Casp8'-Ripk3- cells were used as the staining control for CASP8. Fluorescence
intensity remained low or undetectable in Casp8'~Ripk3'~ cells for both antibodies (Fig.
1C), suggesting that both fixation methods are suitable for CASP8 staining. Overall,

these data show that to visualize PANoptosome complexes in single cells, the optimal
methodology includes the use of PFA fixation with the following antibodies: ASC (Millipore
2EI-7, mouse), RIPK3 (Millipore 8G7, rat), and CASP8 (CST 4927, rabbit). Further, these
data underscore the importance of validating antibodies and experimenting to find the
appropriate fixation method to obtain reliable immunofluorescence images.

3.2 ASC colocalizes with CASP8 and/or RIPK3 under PANoptosis-inducing conditions

Upon stimulations that induce innate immune cell death, ASC assembles into an ASC speck,
a condensate that can be seen through microscopy (58). We examined the colocalization

of ASC specks with CASP8 and RIPK3 in conditions where PANoptosis has been

observed biochemically. 1AV was the first trigger formally identified to induce PANoptosis
in BMDMs through the formation of a ZBP1-PANoptosome; this complex has been
molecularly characterized to include ZBP1, RIPK3, RIPK1, caspase-8, caspase-6, ASC,

and NLRP3 (6, 12). We stained ASC, CASP8, and RIPK3 in mock treated (Fig. 2A) or

IAV infected BMDMs (Fig. 2B—F). Although ASC specks were frequently observed in WT
cells after AV infection (Fig. 2B-E, Supplemental Figure 1A), we did not observe any ASC
specks in ZBP1-deficient cells (Fig. 2F), confirming the critical role of ZBP1 in mediating
I|AV-induced PANoptosis (2).

The ASC specks induced by 1AV were not homogenous, and their molecular composition
differed within the same population of cells (Fig. 2B—-E). We observed four different types
of IAV-induced ASC specks, those without CASP8 or RIPK3 colocalization (Fig. 2B), those
colocalizing with only CASP8 (Fig. 2C), those colocalizing with only RIPK3 (Fig. 2D),

and those colocalizing with both CASP8 and RIPK3 (Fig. 2E); this triple colocalization is
consistent with previous findings (41). We observed that the composition of ASC specks
changed at different stages of infection (Fig. 2G), suggesting that the heterogeneity of ASC
specks likely reflects the dynamic nature of the PANoptosome as a multiprotein complex.
To further confirm the relevance of this colocalization as an indicator of PANoptosis, we
also assessed staining in other PANoptosis-inducing conditions. We observed colocalization
of ASC, CASP8, and RIPK3 in HSV-1 stimulated WT, but not AIM2-deficient, BMDMSs
(Supplemental Figure 1B), confirming previous findings (14). Similarly, upon treatment with
the ZBP1-PANoptosome—inducing combination of a nuclear export inhibitor, KPT-330, and
IFN-B (15), we observed colocalization of ASC, CASP8, and RIPK3 in a ZBP1-dependent
manner (Supplemental Figure 1B), consistent with the phenotype of PANoptosis (15). The
composition of the ASC specks was also heterogeneous in response to KPT-330 and IFN-f
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(Supplemental Figure 1C,D), as was seen with AV infection (Fig. 2G, Supplemental Figure
1A).

3.3 ASC colocalizes with CASP8 and/or RIPK3 under inflammasome-inducing conditions

Colocalization of ASC with CASP8 and RIPK3 was seen in single cells under PANoptotic
conditions (Fig. 2B-E; Supplemental Figure 1). Furthermore, inflammasomes can act as
integral components of PANoptosomes in response to multiple stimuli (6, 12, 14, 17).
Therefore, we also extended our analysis to examine the localization of ASC, CASP8, and
RIPK3 in response to a canonical NLRP3 inflammasome trigger. Using the same staining
protocol, ASC, CASP8, and RIPK3 were stained in cells treated with LPS priming and
ATP stimulation to induce NLRP3 inflammasome activation (Fig. 3A). It is well-established
that CASP8 can be a component of ASC specks during inflammasome activation (14, 38—
40), and we observed the same (Fig. 3A). However, we also found that some ASC specks
colocalized with both CASP8 and RIPK3, and that some ASC specks colocalized with
RIPK3 alone (Fig. 3A).

To further investigate the RIPK3-ASC colocalization, we established a PANoptosome
expansion microscopy technique based on previous methods (50); this technique physically
expands samples and allows for better resolution than conventional immunofluorescence
imaging (59). Although BMDMs are 10-20 pm under unexpanded conditions (Fig. 3A),
they were expanded approximately five times (i.e., to 50-100 pm in size) after the expansion
technique was applied (Fig. 3B). After immunofluorescence staining and expansion (see
Materials and Methods), we identified ASC specks with a ring-like structure (Fig. 3B),
which has previously been seen with STORM imaging (60) but was not seen with

our conventional confocal microscopy techniques due to resolution limitations (Fig. 3A).
Although RIPK3 and CASP8 were distributed throughout the cell, they were also detected
in the ASC ring (Fig. 3B-3D). Analysis of the intensity distribution across a section on the
speck (white arrow) showed that both RIPK3 and CASP8 colocalized with ASC (Fig. 3C).
Neither RIPK3 nor CASPS staining was detected in ASC specks from Casp8'~ Ripk3 '~
cells (Fig. 3B), confirming the specificity of the staining.

In addition to the ring-shaped ASC specks, we also observed “firework-like” RIPK3
structures after LPS + ATP stimulation (Supplemental Figure 2A); these structures were
absent in unstimulated cells (Fig. 3B, unstimulated). In these structures, RIPK3 had a
higher signal intensity (Supplemental Figure 2B, i.e., several thousands) when compared
with the RIPK3 signal in the ring-shaped structure (Fig. 3C, i.e., several hundreds); the
ASC and CASP8 signal intensities were comparable between the two structures. Despite
the difference in signaling intensity, ASC, CASP8, and RIPK3 were also colocalized in
the “firework-like” speck structures (Supplemental Figure 2B). While we found that more
ASC specks were induced by LPS + ATP compared with AV infection (Supplemental
Figure 1A, 2C), we also observed that ASC specks induced by LPS + ATP were similarly
heterogeneous, and ASC specks both with and without RIPK3 and CASP8 were observed
(Supplemental Figure 2D).

To further understand similarities and differences between LPS + ATP-induced ASC specks
and IAV-induced ASC specks, we also performed expansion microscopy on IAV-infected
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samples. We observed an ASC speck with a core of ASC and CASP8 that was surrounded
by RIPK3 in response to 1AV infection. Colocalization of RIPK3 and CASP8 in an

area without ASC was also found in the same cell (Supplemental Figure 2E). Overall,
these observations indicate that the colocalization of RIPK3 and CASP8 with ASC can

be triggered by a variety of stimuli and highlight the power of expansion microscopy
techniques to further define ASC speck details and heterogeneity.

3.4 LPS + ATP-induced inflammasome activation is independent of RIPK3

Given the observation that RIPK3 localized in ASC specks, we examined whether RIPK3
had any functional role in LPS + ATP-stimulated inflammasome activation and cell
death. We first examined the phosphorylation status of RIPK3 during inflammasome
induction, as RIPK3 phosphorylation is important for its activation. However, we did

not observe phosphorylation upon LPS + ATP stimulation (Supplemental Figure 3A).

In addition, RIPK3-deficient BMDMs were not protected from LPS + ATP-induced cell
death (Supplemental Figure 3B), had no notable reduction in caspase-1, =7, GSDMD and
GSDME cleavage (Supplemental Figure 3C), and released similar amounts of IL-1p and
IL-18 compared with WT cells (Supplemental Figure 3D); however, we did note a minor,
but consistent, reduction in caspase-3, —8 cleavage (Supplemental Figure 3C). Therefore,
although RIPK3 was responding to LPS + ATP stimulation by colocalizing with the ASC
speck, there was no detectable function in the downstream inflammasome activation. It is
still possible that RIPK3 has other functions that remain to be identified. Alternatively, LPS
+ ATP-induced changes in RIPK3 may alter its function.

4. DISCUSSION

Our current study provides detailed, validated methods to investigate the presence of
PANoptosomes in PANoptosis-inducing conditions such as 1AV infection, HSV-1 infection,
and KPT-330 + IFN-p treatment. This new method provides further evidence of the presence
of PANoptosomes under these conditions. Additionally, on the molecular level, our results
contextualize the structural components of PANoptosomes and show, in a single cell, the
formation of a protein complex containing CASP8 with the inflammasome component,
ASC, and the RHIM-containing protein, RIPK3.

Immunofluorescence staining is one of the most common methods in biomedical research,
and antibody specificity for the protein of interest is crucial for reliable data interpretation.
Our validation of antibodies against mouse ASC, CASP8, and RIPK3 highlights the need
for knockout controls in immunofluorescence staining experiments. The fixation method is
also critical, since antibodies may generate nonspecific binding depending on the type of
fixation (61). Our validation of reagents and use of appropriate knockout controls identified
specific antibody combinations that generate reliable staining of ASC, CASP8, and RIPK3
in a single sample, enabling the study of these proteins in a multiprotein complex such as
that formed during PANoptosis.

We found that ASC specks are dynamic and heterogeneous structures that vary in regard to
whether or not they contain RIPK3 and CASP8. The dynamics of PANoptosome formation
and ASC speck heterogeneity may depend on variations in the expression of specific
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proteins from cell to cell. The functional consequences of such heterogeneity in the cell fate
decision and the dynamics of cell death under physiologically relevant conditions remain
unknown. However, future studies to perform and integrate different single cell analyses will
be critical to evaluate this possibility and yield informative results. The methods developed
here could be further supplemented with live imaging of complex formation under a variety
of conditions to address these functional questions. Additionally, upstream regulation of
this complex formation remains an open question, and applying the expansion microscopy
methods described here in various knockout cells will provide key answers regarding the
regulatory factors involved.

The presence of specks containing ASC, RIPK3, and CASP8 in single cells was found

not only in response to traditional PANoptosis triggers, such as 1AV, but also in response

to classical pyroptosis triggers like LPS + ATP stimulation. This suggests that the NLRP3
inflammasome can function as a platform to engage machinery traditionally associated with
other cell death pathways. Such versatility has been shown in the context of the AIM2
inflammasome as well (14). These observations suggest that other inflammasomes, such

as Pyrin, NLRC4, and NLRP1, may also engage RIPK3 and other cell death molecules

to integrate inflammasome-independent functions. Future work will be needed to fully
understand the functional relevance of these observations. However, we did find that RIPK3
played a minor role in the activation of some apoptotic caspases in response to the classical
pyroptotic trigger LPS + ATP in murine BMDMs, although this did not affect overall

cell death. Our results do not rule out the possibility that incorporation of RIPK3 in
PANoptosomes changes RIPK3’s functionality (e.g., necroptosis initiation). Specifically,
the “firework”-like structure induced by LPS + ATP may represent an aggregate of RIPK3
involved in its functional inactivation. Additional studies will be needed to investigate this
possibility.

Using expansion microscopy allows for visualization of the detailed structure of ASC
specks. Through this technique, we were able to differentiate multiple ASC speck subtypes,
namely “ring-like” and “firework-like” structures of ASC specks. This cannot be achieved
with common confocal microscopy techniques, where the details of ASC specks on this
scale and resolution are not adequately visualized. These procedures can be implemented

in labs where super-resolution microscopy is not accessible, offering broad applicability.
The current expansion microscopy method is limited by the use of antibodies, which are
approximately 10-15 nm in length. Antibody accessibility has been proposed as a key factor
to reliably stain components in dense protein complexes, such as ASC in inflammasomes
(60). Therefore, the use of nanobodies (~4 nm in length (62)) in combination with expansion
microscopy could be used to further examine the protein distribution of these components in
multiprotein complexes.

Overall, the current protocol allows the visualization of the formation of a multiprotein
complex containing ASC, CASP8, and RIPK3 in a single cell under multiple innate
immune cell death-inducing conditions, providing confirmation of PANoptosome assembly
in individual cells. This imaging technique supports the concept in the field that the
formation of multiprotein platforms is a common feature of cells undergoing innate immune
cell death. The methodology presented here can be applied across research disciplines to
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examine not only cell death complexes but other cellular processes which result in the
formation of multiprotein complexes. This optimized protocol will allow us to gain new
insights into PANoptosome formation and regulation, as well as improve understanding of
other cellular complexes. Multiprotein complexes, and PANoptosis specifically, are known
to be critical across the disease spectrum, and the functions of many innate immune cell
death molecules in disease phenotypes have historically been masked by redundancies and
synergies between the components of different cell death pathways (2, 3, 5, 7, 8, 11-16,
51-57). Therefore, continued efforts to assess PANoptosomes and the dynamics of their
formation in disease will serve as a critical strategy for the identification of therapeutic
targets and the development of new treatments.
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Figure 1. Optimizing conditions for staining mouse ASC, CASP8, and RIPK3.

A-C) Bone marrow-derived macrophages (BMDMs) from the indicated genotypes were
fixed by 4% paraformaldehyde (PFA) or methanol (MeOH) and stained with indicated
primary antibodies to evaluate staining specificity. Images are representative of at least three
independent experiments.
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Figure 2. ASC specks are heterogenous in response to 1AV infection.
A-E) Wild type (WT) bone marrow-derived macrophages (BMDMs) were mock treated (A)

or infected with influenza A virus (IAV) (B-E) and stained for ASC, RIPK3, and CASPS.
Different compositions of ASC specks are shown. F) ASC, RIPK3, and CASPS8 staining
of IAV-infected Zbp17~ BMDMs. G) Compositional analysis of ASC specks (n = 100) in
|AV-infected WT BMDMs at 9 h and 12 h post-infection (h.p.i.). Mean * standard error is
shown. Images are representative of at least three independent experiments.

Cell Mol Life Sci. Author manuscript; available in PMC 2023 September 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 17

A o ASC RIPK3 CASP8 Merge with DAPI 10x
o
2] ot
ga » ’
[
o
&5
(&) o
|2
2., c
™
2%
©
<C =~ N
+ ?;Té
<\ <)
%51 2%
4
&
&
=
B c
_ ASC RIPK3 CASP8 Merge
'_
= 1500
E z
3 1000
= £ ,
..(7)' E A
5 5 500
b= y
'_
0 T T T T
= 0o 1 2 3
Distance (um)
= D
2k
<| €
e
= =
=
4
&
-~
s
T
&
&
©
O

Figure 3. Inflammasome stimulation by LPS + ATP induces formation of ASC specks containing
RIPK3 and CASPS.

A) Representative images of ASC specks from bone marrow-derived macrophages
(BMDMs). Cells of the indicated genotypes were primed with 100 ng/ul LPS for 4 h,

then stimulated with 5 mM ATP (i.e., LPS + ATP) for 10 min. B) Expansion microscopy
views of a RIPK3/CASP8-containing ring-shaped ASC speck induced by LPS + ATP. C)
Fluorescence intensity of ASC, RIPK3, and CASP8 in the ring section along the white
arrow. X axis indicates the distance along the white arrow traveling from the base of the
arrow to the arrowhead. D) 3D view of the ASC speck in (B). Images are representative of at
least three independent experiments.

Cell Mol Life Sci. Author manuscript; available in PMC 2023 September 28.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mice
	Antibodies
	Bone marrow-derived macrophage (BMDM) culture and stimulations
	In vitro infection
	Immunofluorescence staining and expansion microscopy
	Immunoblot analysis

	RESULTS
	Staining optimization
	ASC colocalizes with CASP8 and/or RIPK3 under PANoptosis-inducing conditions
	ASC colocalizes with CASP8 and/or RIPK3 under inflammasome-inducing conditions
	LPS + ATP-induced inflammasome activation is independent of RIPK3

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.

